The phagosomal lumen in macrophages is the site of numerous interacting chemistries that mediate microbial killing, macromolecular degradation, and antigen processing. Using a non-hypothesisbased screen to explore the interconnectivity of phagosomal functions, we found that NADPH oxidase (NOX2) negatively regulates levels of proteolysis within the maturing phagosome of macrophages. Unlike the NOX2 mechanism of proteolytic control reported in dendritic cells, this phenomenon in macrophages is independent of changes to lumenal pH and is also independent of hydrolase delivery to the phagosome. We found that NOX2 mediates the inhibition of phagosomal proteolysis in macrophages through reversible oxidative inactivation of local cysteine cathepsins. We also show that NOX2 activity significantly compromises the phagosome's ability to reduce disulfides. These findings indicate that NOX2 oxidatively inactivates cysteine cathepsins through sustained ablation of the reductive capacity of the phagosomal lumen. This constitutes a unique mechanism of spatiotemporal control of phagosomal chemistries through the modulation of the local redox environment. In addition, this work further implicates the microbicidal effector NOX2 as a global modulator of phagosomal physiologies, particularly of those pertinent to antigen processing.
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phagocytosis | cathepsin | disulfide reduction | antigen processing | lysosome U nlike many specialized lineages of the mononuclear phagocyte system, tissue macrophages function in a diverse array of homeostatic and immune physiologies. Critical to many of these functions is the phagosome. Over the past decade, proteomic characterization of the phagosome in conjunction with biochemical analysis of phagosomal chemistries in reconstituted systems has given great insight into the function of this organelle (1, 2) . More recently, measurement of phagosomal properties in live cells has enabled the in situ dissection of the complex crosstalk between spatiotemporally intimate phagosomal chemistries (3, 4) . In particular, cross-talk influencing the control of phagosomal proteolysis has recently received much attention (4) . It has become increasingly apparent that a tightly controlled, limited level of proteolysis within the endolysosomal system, as found in dendritic cells (DCs), is essential for efficient antigen processing (5, 6) . Macrophages possess a reported 20-to 60-fold higher level of lysosomal proteolysis than DCs, which is implicated in limiting their efficiency as antigen-presenting cells (7) (8) (9) . Nonetheless, macrophages are capable of productively presenting antigen to T cells and play an important role in the secondary immune response (10) . This is presumably aided by the stringent control of the macrophage's lysosomal protease activities in its antigenprocessing compartments.
Control of lysosomal proteases such as cathepsins occurs at several regulatory levels, including transcription, trafficking, prodomain removal, regulatory proteins (e.g. cystatins), and vacuolar pH (11) . Modification of the redox environment has also been suggested as a conceivable control mechanism to regulate the cysteine cathepsins (such as B and L) that require a reducing environment for their activity (12) . However, direct evidence for oxidative inactivation of these enzymes within the reducing environment of the endolysosomal continuum has been hitherto lacking (13, 14) . Recently, a novel mechanism of phagosomal protease control in CD8 + DCs mediated through the modulation of phagosomal pH by NADPH oxidase (NOX2) has been described by Amigorena and colleagues (6, 15, 16) . NOX2 is a multiprotein complex that is rapidly assembled on the early phagosomal membrane. Here, it oxidizes cytosolic NADPH to convert molecular oxygen to superoxide within the phagosomal lumen, and thus constitutes a major antimicrobial effector (17) .
In this study, we identify a functional relationship between the NOX2-mediated oxidative burst and phagosomal proteolysis in macrophages. We show that the observed NOX2-mediated control of phagosomal proteolysis is brought about by the oxidative inactivation of cysteine cathepsins through prolonged modification of the lumenal redox environment, which also impacts the phagosome's ability to reduce disulfides.
Results and Discussion
A Bioactive Chemical-Based Screening Approach to Discover Interconnected Relationships Between Functional Parameters of the Phagosomal Lumen in Macrophages. In a non-hypothesis-based study, we screened six functional parameters of the phagosomal lumen of bone marrow-derived murine macrophages (BMMØ) (acidification, bulk proteolysis, lipolysis, β-galactosidase activity, oxidative burst, and lysosomal contribution to the phagosome) against the 480-compound Harvard Institute of Chemistry and Cell Biology (ICCB) known bioactives library using real-time fluorometric techniques adapted to a microplate format (18, 19) . Each phagosomal parameter was measured in duplicate or triplicate in real time following the phagocytosis of IgG-opsonized 3-μm experimental particles and analyzed with respect to dimethyl sulfoxide (DMSO) -treated controls (Fig. S1 ). Compounds were excluded if found to alter macrophage morphology, viability, or phagocytic index. Pattern analysis of compound-induced changes across all six phagosomal parameters revealed that many compounds which decreased the phagosomal oxidative burst also increased the rates of bulk proteolysis within the phagosome. These included compounds that directly inhibited NOX2 activity, such as diphenyleneiodonium (DPI), and compounds with known oxidative radical scavenging properties, such as quercetin and transresveratrol. NOX2 Activity Decreases Rates of Phagosomal Proteolysis. To validate the NOX2-proteolysis relationship identified in the primary screen, phagosomal oxidative burst and bulk phagosomal proteolysis of BMMØs derived from C57BL/6 (wild type; WT) and NOX2-deficient Cybb −/− mice were measured in the presence of DPI and a selection of known oxidative radical scavengers. Of these compounds, DPI, quercetin (hydroxyl radical scavenger), and 3,3′,4′-trihydroxyflavone (THF) (superoxide scavenger) were the most potent inhibitors of phagosomal radical-induced oxidation following phagocytosis of IgG-opsonized experimental particles ( Fig. 1 A and B) . Consistent with the findings from the preliminary screen, these compounds dramatically increased the rate of proteolysis of a particle-restricted albumin-based substrate following phagocytosis by resting WT BMMØs ( Fig. 1 C and D) , but did not increase rates of phagosomal proteolysis in Cybb −/− BMMØs. Moreover, the inherent rate of phagosomal proteolysis observed in Cybb −/− BMMØs was greater than 3-fold higher (3.9 ± 0.26) than that observed in WT BMMØs. Whole-cell lysates from WT and Cybb −/− BMMØs had equivalent levels of proteolytic activity, indicating that the observed inhibition of proteolysis in WT macrophages is locally effected (Fig. S2) . Consistent with the induction of NOX2 following classical macrophage activation, IFN gamma (IFNγ) treatment exaggerated the disparity of phagosomal proteolysis between WT and Cybb −/− BMMØs (6.4 ± 0.69 -fold difference) ( Fig. 1 E and F) . Similar profiles were generated in IFNγ-activated macrophages that were deficient in inducible nitric oxide synthase (iNOS), indicating that the induction of iNOS does not contribute to the observed phenotype (Fig. S3 ). These findings demonstrate that the generation of oxidative radicals by NOX2 significantly decreases the local proteolytic efficiency of the maturing phagosome in macrophages.
NOX2-Mediated Inhibition of Phagosomal Proteolysis in Macrophages
Is Independent of Lumenal pH. Amigorena and colleagues have previously reported that NOX2 activity in DCs leads to alkalinization of the phagosome which, in turn, decreases antigen destruction by the acidic lysosomal proteases (6, 16) . To investigate whether NOX2-mediated perturbation of phagosomal acidification could account for the reduction in proteolytic efficiency in macrophages, we dynamically measured the phagosomal pH in the presence and absence of an oxidative burst. To achieve this, we followed the acidification of phagosomes containing an IgG-opsonized particle bearing a pH-sensitive fluorochrome in both WT and Cybb
−/−
BMMØs (19, 20) . We found that rates and extents of phagosomal acidification were largely unaffected by the generation of an oxidative burst ( Fig. 2A) . These findings were consistent in macrophages classically activated with IFNγ (Fig. S4A) . We did, however, observe a small, but not statistically significant, difference in the final phagosomal pH of −0.18 (±0.12) and −0.13 (±0.14) between WT and Cybb −/− genotypes in resting and IFNγ-activated BMMØs, respectively ( Fig. 2B and Fig. S4B ). Although this modest alkalinization of the phagosome by NOX2 would unlikely effect a 3-to 6-fold decrease in proteolysis, we regressed the pH values against a pH/proteolysis curve generated in vitro using total lysosomal extract from BMMØs in buffers of known pH (Fig.  S4C) . Through regression analysis, we calculated that an alkalinization of 0.13-0.18 pH units, as mediated by NOX2, would theoretically increase the proteolytic efficiency of total lysosomal proteases by 18.2-28.4% (±35.5-37.0%). Together, these data suggest that phagosomal acidification is not significantly affected by NOX2 activity and is inconsistent with a mechanism of inhibition of phagosomal proteolysis in macrophages.
NOX2-Mediated Inhibition of Phagosomal Proteolysis Is Not Mediated
by Changes to Phagosome-Lysosome Communication. To determine whether the observed inhibition of proteolysis was mediated by a reduction of lysosomal hydrolase delivery to the maturing phagosome during NOX2 activity, we employed a fluorescence resonance energy transfer (FRET) -based assay to quantify phagosome-lysosome communication. This assay quantifies the accumulation of preformed lysosomal constituents within the maturing phagosome in real time by exploiting FRET between an acceptor fluor that has been chased into lysosomes and donor fluor restricted to an IgG-opsonized bead (19, 21) . The profiles generated in WT and Cybb
−/− BMMØs demonstrate that the rate and extent of lysosomal contribution to the phagosomal content is unchanged by NOX2 (Fig. 2C) . Treatment with DPI and particularly quercetin and THF reduced the onset and rate of delivery of lysosomal constituents to the phagosome equally in WT and Cybb −/− BMMØs. The mechanisms by which quercetin and THF delay and reduce lysosomal contribution to the maturing phagosome are unknown. This observation, however, accounts for the incomplete restoration of phagosomal proteolysis by these compounds due to their "off-target" effects on phagosome-lysosome fusion ( Fig. 1 D and F) . To further rule out a possible NOX2-mediated reduction of lysosomal hydrolase delivery to the phagosome, we measured the acquisition of the lysosomally derived β-galactosidase activity to the maturing phagosome (Fig. 2D) . Consistent with the FRET lysosomal contribution profiles, acquisition of β-galactosidase activity in the phagosome was unchanged by NOX2. Together, these observations indicate that the decreased proteolytic efficiency of the phagosome mediated by NOX2 is not a result of compromised phagosome-lysosome communication.
NOX2 Activity Inhibits the Catalytic Activities of Cysteine Cathepsins but Not Aspartic Cathepsins. As NOX2 activity does not grossly disrupt lysosomal delivery to the phagosome, its effect on levels of phagosomal proteolysis may result from modulation of the catalytic activities of local proteases. If so, NOX2 activity would most likely disproportionally affect different classes of proteases. We thus evaluated the effect of NOX2 activity on the hydrolysis of fluorogenic substrates specific for cathepsin D/E (aspartic proteases) and cathepsin B/L (cysteine proteases) bound to IgGopsonized beads following phagocytosis. The relative rates of hydrolysis of the cathepsin D/E substrate were statistically similar in the presence or absence of an oxidative burst (Fig. 3 A and  B) . In contrast, the rates of hydrolysis of the cathepsin B/L substrate were significantly reduced with NOX2 activity (Fig. 3 C   and D) . Consistent with the rates of bulk proteolysis, preactivation of the macrophages with IFNγ further reduced cysteine protease activity in WT, relative to Cybb −/− and NOX2-inhibited cells (Fig. S5 E and F) . Of interest, quercetin and THF delayed and initially reduced cysteine cathepsin activity in a NOX2-independent fashion with respect to Cybb −/− samples (Fig. S5 ). This can be partially explained by their similar effect on lysosomal contribution to the maturing phagosome ( Fig. 2 C  and D) , though was less apparent for the aspartic cathepsins. Western blot analysis of magnetically isolated phagosomes showed that cathepsins B and L were delivered to NOX2-proficient and NOX2-compromised phagosomes equally, demonstrating that NOX2 does not modulate the recruitment of these hydrolases (Fig.  S6) . Together, these data demonstrate that the oxidative burst in phagosomes affects the catalytic activity of phagosomally located cysteine cathepsins but not that of aspartic cathepsins.
NOX2 Activity Decreases Proteolytic Efficiency of the Phagosome
Through Reversible Oxidation of Cysteine Cathepsins. The active-site cysteine in the catalytic triad of cysteine proteases must be in its thiol form to enter the catalytic cycle (22) . One conceivable mechanism of cysteine proteinase inhibition by NOX2 would be the reversible or irreversible oxidation of this residue, rendering the protease inactive. This could be mediated directly by NOX2-generated products, or indirectly through modulation of the local redox potential or reductive machinery of the phagosome. To evaluate the validity of such a mechanism, cysteine protease activities in isolated phagosomes were measured in vitro immediately after isolation or following reduction with dihydrolipoic acid (DHLA) and/or reduced glutathione (GSH). Both DHLA and GSH have been previously shown to reduce the active-site cysteine in cysteine cathepsins from several reversible sulfur oxidation products in a non-enzymatic fashion (12, 23, 24) . Phagosomes were isolated from WT and Cybb −/− BMMØs 30 min after FcR-mediated particle uptake in the presence or absence of 0.5 μM DPI. Purified phagosomes were enumerated and standardized among samples and permeabilized, and relative peptidase activities were fluorometrically measured in vitro. Consistent with our previous findings, phagosomes isolated from untreated WT BMMØs degraded cathepsin B/L and cathepsin S substrates at significantly lower rates than those isolated from Cybb −/− BMMØs or DPI-treated BMMØs (Fig. 4 A and B) . This further demonstrates that the NOX2-mediated decrease in proteolysis is independent of phagosomal pH and that it is also independent of NOX2-mediated modification of phagocytosed substrates. Additionally, as seen in phagosomes of live macrophages, the cathepsin D activities of the isolated phagosomes were similar across all samples (Fig. 4C) . Treatment of the freshly isolated phagosomes with DHLA and/or GSH significantly increased the cysteine protease activities of phagosomes from WT BMMØs, relative to phagosomes isolated from Cybb −/− BMMØs (Fig. 4 A  and B ). This represented a 2.69 (±0.16) and a 2.64 (±0.18) -fold increase in the catalytic efficiency of WT phagosomes following reduction, relative to Cybb −/− phagosomes, for cathepsin B/L and cathepsin S, respectively. These data demonstrate that NOX2 mediates a sustained inactivation of the phagosomal cysteine cathepsins which is predominantly reversible by non-enzymatic reduction. This was further validated by reaction of a biotinylated fluoromethyl ketone-based irreversible inhibitor of cathepsin B with isolated phagosomes before and after reduction with DHLA and GSH (Fig. 4D) . Consistent with the fluorometric analysis, Western blot analysis showed that DHLA and GSH significantly increased the proportion of active cathepsin B in WT phagosomes but had little effect on cathepsin B from Cybb −/− phagosomes. Total processed cathepsin B was similar between samples, ruling out any significant DHLA-or GSH-mediated enhancement of proteolytic processing of the enzyme. Together, these data strongly suggest that NOX2 activity inactivates cysteine cathepsins through reversible oxidative modification of the enzymes. NOX2 Activity Depresses the Reductive Capacity of the Phagosome.
Whereas some sulfhydral proteases can function in a nonreducing environment, others, such as cathepsin B, spontaneously lose activity when removed from reducing environments through oxidation of their active-site cysteine (12, 25, 26) . Because we found that the states of oxidative inactivation of cysteine cathepsins are largely reversible, we reasoned that NOX2 activity may act to indirectly inactivate cysteine cathepsins through perturbation of the reductive capacity of the phagosome necessary to maintain these proteases in their reduced, active state. To dynamically record the reductive capacity of the phagosome in live macrophages, we chemically modified a fluorogenic cystinebased reagent used by Cresswell and co-workers so it could be covalently coupled to albumin on an IgG-opsonized experimental particle ( Fig. S7) (27) . Within the phagosome, reduction of the particle-restricted cystine disulfide dequenches attached Bodipy FL fluorophores, liberating fluorescence relative to a calibration fluor. Hence, this assay reports directly on the capacity of the phagosomes to reduce mixed disulfides, such as those responsible for the reversible oxidative inactivation of cysteine cathepsins. After validation of this assay in vitro, we recorded the rates of disulfide reduction within phagosomes in WT and Cybb
−/−
BMMØs with and without treatment with DPI, THF, or quercetin. The resulting traces revealed a pattern of phagosomal disulfide reduction that begins within 10 min of phagosomal formation and continues beyond 2 h, at which point the assay becomes substratelimited ( Fig. 5A and Fig. S7B ). Strikingly, in the absence of NOX2 activity, rates of disulfide reduction were significantly enhanced, as illustrated by Cybb −/− BMMØs displaying a 3.5-fold (±0.46) increase over WT BMMØs (Fig. 5 A and B) . Consistent with a NOX2-mediated inhibition of phagosomal reductive capacity, activation with IFNγ completely abolished the ability of the early phagosome to reduce disulfides in WT BMMØs, whereas Cybb −/− BMMØs maintained robust reductive capacities (Fig. 5 C and D) . Similarly, phagosomes with an intact oxidative burst were unable to efficiently dissociate the disulfide-linked heavy and light chains of IgG in IFNγ-activated BMMØs (Fig. S8) . Both quercetin and THF partially restored the reductive capacity of the phagosome in WT BMMØs but paradoxically decreased the rates of reduction in Cybb −/− BMMØs. This NOX2-independent effect of these compounds could contribute to the NOX2-independent delay in cysteine cathepsin activity in the presence of quercetin and THF (Fig.  S5) . Together, these data demonstrate that the reductive capacity of the phagosome is compromised by NOX2 activity, which is consistent with a mechanism of reversible oxidative inactivation of phagosomal cysteine cathepsins.
NOX2 Activity Has a Sustained Effect on the Reductive and Proteolytic
Capacities of the Phagosome. A surprising feature of these functional relationships is that NOX2 activity has a sustained effect on the reductive and proteolytic capacities of the phagosome. Correlation of the timing of the oxidative burst, with respect to that of the relative rates of reduction within the phagosome, reveals that the NOX2-associated decrease in reductive capacity extends past the cessation of the oxidative burst (Fig. S9) . Although there is a gradual increase in the rates of disulfide reduction after the conclusion of the burst (40 min), the more mature phagosome never attains a reductive capacity that is equivalent to NOX2-deficient phagosomes over the period recorded (2 h) (Fig. 5C ). We reason that this could be due to a NOX2-mediated depletion of reductive equivalents in the early phagosome, which leaves a local "sink" of reductive potential energy at the conclusion of the burst. This sink would delay re-establishment of the reductive environment. Alternatively, similarly to that reported with DCs, a small proportion of NOX2 complexes may remain associated, and minimally active, in the mature phagosome of macrophages. A low level of association of NOX2 complexes with the mature phagosome may have negligible microbicidal effect but may have sufficient local activity to inhibit the re-establishment of a reductive lumenal environment. Either proposed mechanism could account for the sustainment of NOX2-mediated inhibition of disulfide reduction after the oxidative burst, which in turn would prolong oxidative inhibition of phagosomal proteolysis into the mature phagosome as observed (Fig. 1E) . These findings implicate NOX2 in the modification of two functional parameters of the lumenal biology of the phagosome beyond its reported temporal association with the vacuole.
Concluding Remarks. NOX2 is emerging as a global modulator of phagosomal physiology beyond its microbicidal function (6, 28) . Here, through a non-hypothesis-based screen to identify phagosomal functional relationships, we found that NOX2 activity controls the level of phagosomal proteolysis in macrophages. We show that this is independent of lumenal pH and hydrolase recruitment to the phagosome, and that it specifically affects the activities of local cysteine proteinases. Finally, we demonstrate that this constitutes an additional level of control over phagosomal proteolysis which is mediated through the reversible oxidative inactivation of cysteine cathepsins by NOX2-dependent modulation of the redox potential of the phagosome.
In addition to NOX2, the redox control of phagosomal proteolysis highlights the importance of the reductive machinery of the endolysosomal system. γ-IFN-inducible thioreductase (GILT) has been shown to catalyze disulfide reduction of exogenous protein in the phagosomal lumen and to perform numerous biologically relevant functions in innate immunity and antigen presentation (26, (29) (30) (31) . Although specific endogenous substrates of GILT have not been fully elucidated, it is conceivable that GILT contributes to the re-reduction of oxidized forms of cysteine cathepsins, which would restore their activity following an oxidative burst. This potential pathway would constitute an opposing reductive loop for the redox control of phagosomal machinery, and is supported by the mirrored up-regulation of GILT and NOX2 following macrophage exposure to IFNγ (32).
NOX2's impact on the activities of certain protease subsets and on cargo disulfide reduction within the maturing phagosome of macrophages is likely to have significant functional implications for the efficiency and pattern of antigen processing within this compartment. With respect to levels of phagosomal proteolysis, based on several reports outlining its inverse relationship with the efficiency of antigen processing, NOX2-mediated diminution of overall rates of proteolysis in macrophages would likely enhance the generation and preservation of antigenic peptides (5, 7). Moreover, because many proteases prefer specific cleavage sites, NOX2-mediated oxidative inactivation of cysteine proteases, but not aspartic proteases, would change the pattern of proteolysis of a given antigen during, and following, an oxidative burst. With respect to NOX2-mediated inhibition of disulfide reduction, NOX2 activity would limit the intraphagosomal denaturation of antigens containing disulfide bonds. This could potentially "hide" vast stretches of an antigen's polypeptide, as well as limit the presentation of specific oligopeptides that contain a disulfide linkage in the native protein (30, 33) . Together, NOX2's control over proteolysis and disulfide reduction is anticipated to not only affect the efficiency of antigen processing in the macrophage but also the repertoire of the antigenic peptides generated and their order of immunodominance.
Materials and Methods
Mice and Cells. C57BL/6 mice were purchased from Charles River Laboratories. Cybb −/− and iNOS −/− mice were purchased from Jackson Laboratories. BMMØs were derived from bone marrow as previously described (19) .
Live-Cell Fluorometric Phagosomal Analysis. Fluorescently labeled, IgG-coupled 3-μm silica particles were prepared as detailed (18, 20, 21) and used for phagosomal lumenal characterization in live BMMØs as previously described (19) (20) (21) . Further details on specific fluorometric assays may be found in SI Materials and Methods.
Phagosome Isolation and in Vitro Determination of Cathepsin Activities.
Phagosomal isolation for detection and activity measurement of specific cathepsins by Western blotting and fluorometry was achieved through magnetic-assisted isolation of phagosomes as previously described (34) . Further details of materials and methods are supplied in SI Materials and Methods.
